The performance of organic solar cells (OSC) based on tin (II) phthalocyanine (SnPc)/C60 heterojunction was investigated by changing the thickness of SnPc. The effect of the film thickness of SnPc on the electrical characteristics of the device was systematically studies. Optical field distribution inside the OPV cell was also simulated to gain insight into the mechanism responsible for different SnPc thicknesses. The structure, indium tin oxide (ITO)/PEDOT: PSS (10nm)/MoO3(10nm)/SnPc(15nm)/C60(40nm)/bathophenanthroline (BPhen) (10nm)/Ag, has a power conver-sion efficiency of 0.79% at 1 sun, standard 1.5G solar illumination.
Introduction
Organic solar cells (OSC) have been considered as a promising alternative to inorganic counterpart for renewable energy production, due to their potential advantages, such as being low lost, lightweight, flexibility, semi-transparency and large-area manufacturing [1] [2] [3] [4] . To realize these potential of OSCs, the physical mechanism of OSC has been intensely analyzed, [5] [6] and the OSC efficiency ( P η ) has steadily been improved by the introduction of novel materials and novel device structures [7] [8] [9] .
One means to increase P η is to enhance the light absorption of the OSC in the red and near-infrared (NIR) spectrum, because over 60% of the total solar photon flux is at wavelength λ>600nm, with approximately 50% in the spectrum at wavelength from λ=600-1000nm. [10] Among small molecule organic materials, tin (II) phthalocyanine (SnPc)[10] [11] has been previously reported as a near infrared sensitive small molecule with significant absorption at wavelength from λ=600 to 900nm, with a cutoff λ≈1000nm, as illustrated in Fig. 1 . Fig. 1 . Absorption coefficient of SnPc as compared to the AM 1.5G solar spectrum.
Experimental
The molecular structures of the materials are shown in Figure 2 . The configuration of OPV cells in this study is ITO/PEDOT:PSS (10 nm)/MoO3 (10 nm)/SnPc (x nm)/C60 (40 nm)/BPhen (10 nm)/Ag, where x =6,9,12,15 and 18.The devices were fabricated on indium-tin oxide (ITO) coated glass substrates. The thickness of ITO film was 180 nm with a sheet resistance of 10 Ω/sq. ITO substrates were cleaned consecutively in ultrasonic baths containing detergent, acetone, ethanol and deionized water for 10 min each, and finally dried by high purity nitrogen blow prior to loading into a vacuum chamber, the substrates were treated by O2 plasma for 5 min. Then PEDOT: PSS was spin coated Then, MoO3, SnPc, C60 and BPhen were evaporated on the ITO substrates by an OLED-V (Shenyang Vacuum Co.) organic multifunctional vacuum deposition equipment successively at a rate of 1-2 Å /s at a pressure of 3×10-4Pa. Finally, Ag was evaporated as cathode at a rate of ~10 Å /s under a pressure of 3×10-3 Pa. Deposition rate and film thickness were in situ monitored using a quartz crystal oscillator mounted to substrate holder.
SnPc C 60
PEDOT:PSS BPhen The active area of OPV cells is 12 mm2, with 4 mm wide ITO overlapped by 3 mm wide Ag film. A light source integrated with a Xe lamp (CHF-XM35, Beijing Trusttech Co. Ltd.) with an illumination power of 100 mW/cm2 was used as a solar simulator. The current-voltage curves in dark and under illumination were measured with a Keithley 4200 programmable voltage-current source. The absorption spectrum was measured with a SHIMATZU UV1700 system. All the measurements were performed in air at ambient circumstance without device encapsulation. Table 1 . It can be seen that the Jsc of the OSC increases with increasing thickness of the SnPc layer when the film thickness of SnPc ranges from 6nm to 15 nm, and its value increases from 5.18 mA/cm2 for the cell with a 6-nm-thick SnPc layer to 7.86 mA/cm2 for the 12-nm-thick SnPc layer cell. It can be expected that the increase of Jsc with increasing thickness of SnPc is probably caused by the increase in light absorption and exiton generation. The VOC of the cells is improved from 0.24V to 0.29 V. The overall power conversion efficiency of the cells increases with increasing thickness of the SnPc layer from 0.44% for the cell with 6-nm-thick SnPc layer to 0.79% for the 15-nm-thick SnPc layer cell. To gain quantitative insight into the mechanism of improvement of short-circuit current density, we use optical transfer matrix theory [5] [6] [12] [13] to simulate the optical field distribution within the device. The optical electric field (Ej(x)) inside organic layer j is given in terms of the electric field of the incident wave (E0)
Results and Discussion
where optical parameter 2 ( ) / = are the electric field propagating in positive and negative direction, respectively. Then the normalized electric field |E j (x)| 2 /|E 0 (x)| 2 distributions of our OPV devices are presented in Fig. 5 . It can be seen that the with the increase of SnPc thickness, the intensity of electric field in SnPc and C 60 layer is slight decreased, but with bigger light absorption layer thickness, the light absorption is enhanced on the whole. This enhancement in light absorption may partially increase the photocurrent. As the SnPc layer thickness increases further, the impact of series resistance increase became more prominent, and this might be the reason of decrease in JSC when the SnPc thickness reaches 18nm
It has been reported that series resistance has a pronounced effect on both Jsc and FF. [13] [14] To get more insights of relationship between the device performance and the series resistance, equation (2)[15] is used to fit the dark current density versus bias voltage curves of all devices.
where R P and R S are shunt resistance and series resistance, respectively.J S0 is reverse saturation current density and K B is Boltzmann constant, T is the temperature in Kelvin and n 0 is ideality factor and q is electronic charge, and A is the active area of OSC. The result is shown in Fig. 6 , and the parameters are summarized in Table 1 . From the dark current density-voltage curves, it can be seen that with the increasing of SnPc thickness, series resistance increases significantly, which demonstrates the low hole mobility of SnPc (2±1×10 -10 cm 2 /Vs). [10] As shown in Table 1 , the maximum fill factor (FF) of 0.44 has been achieved in the device with 6 nm thick SnPc layer. It may be attributed to the small series resistance in this device. And the increase of series resistance caused by the increasing thickness, leads to the decrease of FF from 0.44 for the cell with a 6-nm-thick SnPc layer to 0.31 for the 18-nm-thick SnPc layer cell, as shown in Fig. 4 . It can be found that when the film thickness of SnPc increases from 6nm to 15 nm, VOC gradually increases from 0.24 V for the cell with a 6-nm-thick SnPc layer to 0.29 V for the cell with a15-nm-thick SnPc layer. This might be due to the enhancement of polaron-pair bounding energy EB. [6] That indicates that higher polaron-pair dissociation energy barrier from EB has to be overcome, and higher applied voltage is needed to fully dissociate accumulated excitons near the SnPc/C60 interface. As a result, higher VOC is essential.
Conclusion
In summary, we have analyzed the effect various thicknesses of SnPc on the performance of OSC by J-V characterization, and optical field distribution. The increased photovoltaic performance can be achieved by the equilibrium between light absorption and series resistance. As a result, the power conversion efficiency of 0.79 % has been achieved at the SnPc thickness of 15 nm, which provide both a maximum
